Cataracts are the leading cause of blindness worldwide. Current methods for discriminating cataractous lenses from healthy lenses of Sprague-Dawley rats during preclinical studies are based on either histopathological or clinical assessments which are weakened by subjectivity. In this work, both cataractous and healthy lens tissues of Sprague-Dawley rats were studied using multispectral imaging technique in combination with multivariate analysis. Multispectral images were captured in transmission, reflection and scattering modes. In all, five spectral bands were found to be markers for discriminating cataractous lenses from healthy lenses; 470 nm and 625 nm discriminated in reflection mode whereas 435 nm, 590 nm and 700 nm discriminated in transmission mode. With Fisher's Linear discriminant analysis, the midpoints for classifying cataractous from healthy lenses were found to be 14.718 × 10 −14 and 3.2374 × 10 −14 for the two spectra bands in the reflection mode and the three spectral bands in the transmission mode respectively. Images in scattering mode did not show significant discrimination. These spectral bands in reflection and transmission modes may offer potential diagnostic markers for discriminating cataractous lenses from healthy lenses thereby promising multispectral imaging applications for characterizing cataractous and healthy lenses.
Introduction
Cataracts are the leading cause of visual impairment worldwide, accounting for more than 50% of blindness in developing countries [1] . Clinically, cataracts result in significant decrease of vision due to irreversible increase in absorption or scattering of light by the lens. [2] [3] . Most cataracts are age-related, though they have also been associated with diseases such as Uveitis, diabetes and congenital factors, and excessive exposure to ultraviolet radiation from the sun especially among tropical dwellers [4] . The global trend of aging populations presupposes that, the prevalence of cataracts would increase [5] .
Over the years, histopathological evaluation of stained tissue biopsies and autopsies by pathologist has been the golden standard for discriminating cataractous lens from healthy lens in preclinical studies [6] [7] [8] . The method relies on manual investigation of the tissue biopsies by pathologist which is beset with subjectivity [7] [8] . The process is laborious, time consuming and expensive.
Considering such limitations, optical and spectroscopic modalities are more rigorous and objective than traditional pathologist interpretation as they provide a quantitative rather than qualitative assessment [9] [10] . Other microscopic techniques which have also been used to discriminate cataractous lens from healthy ones include Atomic Force microscopy (AFM), Transmission electron Microscopy (TEM) Scanning Electron Microscopy (SEM) [11] and Field Emission Scanning Electron Microscopy (FE-SEM) [12] . All these microscopic techniques produce single images on a sample. However multispectral imaging (MSI) provides multiple images on a sample from different excitation light sources and better information than these single imaging techniques.
Multispectral imaging is a technique which has been used in various applications to extract detailed information about an image [13] . The term refers to imaging systems that use a number of non-overlapping discrete spectral bands to highlight certain features within the field of view so that spatial as well as spectral information emanating from microscopic samples can be extracted within the optical region [14] [15] [16] . MSI is an emerging technology that integrates conventional imaging as well as spectroscopy to obtain both spatial and spectral information from a study area. It works on the principle that the recorded spectral is over all the spatial locations of the study area. MSI together with techniques such as fluorescence microscopy, point-scanning laser confocal microscopy and photoacoustic microscopy imaging [17] [25] . Examples are the identification of precise spectral band(s) for discrimination of infected red blood cells (iRBCs) from uninfected red blood cells (uRBCs) [26] and development of rapid multispectral endoscopic imaging system to map mucosa blood supply to the lungs [27] . MSI has also been used in a variety of applications including dentistry, dermatology, and histopathology [28] . To the best of our knowledge no studies have been done so far in applying MSI technique in cataract research. In this work cataractous lenses have been discriminated from healthy lenses of Sprague-Dawley rats using MSI in combination with multiva-riate analysis techniques. The purpose of this study was to apply a new method to study, analyse and discriminate cataractous and non-cataractous lens images of rats. This would be beneficial in veterinary ophthalmology and other ophthalmic applications.
Materials and Methods

Animals and Husbandry
Ten-day-old Sprague-Dawley rat pups of either sex with mean weight of 24.29 g were used for this research work. The pups together with their mothers were housed in polyacrylic cages (34 cm × 47 cm × 18 cm) with soft wood shavings as bedding, under ambient laboratory conditions (temperature 28˚C ± 2˚C, relative humidity 60% -70%, and a normal light-dark cycle at the husbandry of the School of Biological Sciences, University of Cape Coast. The mothers were fed on a normal commercial pellet diet (Agricare Ltd, Kumasi, Ghana) and had access to water ad libitum.
Selenite Induction of Cataract in Pups and Tissue Preparation
The ten-day old pup rats were put into 2 groups consisting of 45 pup rats per group. One group (Group A) was kept as control while the other group (Group B) was injected subcutaneously daily with 15 mol kg −1 sodium selenite in normal saline on the 11 th and 12 th day respectively. The two groups (A and B) were monitored till the 30 th day. On the 31 st day, the crystalline lens of Group B were assessed for cataract development using a Marco II-B Slit Lamp (Marco-Lombart Instrument, Japan) after the pupils' of the pups had been dilated with 1% tropicamide ophthalmic solution (Akorn Inc., lake Forest, USA). The rats with developed cataract, from early to fully developed, were sacrificed by ether inhalation, followed by intracardiac injection of pentobarbital. After enucleation, the lenses of the rats (Group A and Group B) were extracted and kept in different containers with formalin at room temperature. Forty four percent (44%) of Group A were selected to match up the number of Group B lenses for tissue preparation. The lenses were fixed in 10% phosphate-buffered paraformaldehyde, and embedded in paraffin. Sections of 3-μm thickness were made and stained with hematoxylin and eosin [29] and fixed on glass slides for microscopic image acquisition.
Image Acquisition and Data Processing
The imaging system used was In acquiring the multispectral images of the of the Group A lens tissues, the 590 nm spectral band was used to adjust the camera settings with imaging parameters (i.e. the gain and the exposure time) for optimization. This spectral band was used as a standard due to the camera's sensitivity. Grayscale images of each lens were captured in three modes (transmission, reflection and scattering) at all the 13 spectral bands and then saved as tagged image file format (TIFF).
Thus, a total of 39 images were obtained for each lens. The image acquisition process was repeated for the Group B lens tissues. Pixel intensities of the images were extracted using Matlab codes for further analysis. A flow chart of the Matlab codes developed for pixel intensity extraction from the images, principal component and Fisher's linear discriminant analysis is shown in Figure 1 .
Principal Component Analysis
Principal Component Analysis (PCA) was applied in analysing the multispectral data using Matlab algorithm. The image intensity data, Z of m (4999) observations and n (5) variables was centered, Z c , such that the elements of the matrix of dimension m × n are around the sample mean of zero. The Z c was then converted into nonsingular covariant matrix, L, defined as
where c Z ′ denotes the matrix transpose of c Z . The matrix, L was further transformed into a diagonal matrix K, using the relation
where γ contain the eigenvectors of L which indicates the contribution of each principal components (PCs) and γ ′ is the transpose of γ . The associated eigenvalues of γ were plotted according to their size to obtain a scree plot which gave three PCs (PC1, PC2 and PC3) contributing a total of 99.6% of variability in the intensity data.
Fisher Linear Discriminant Analysis (FLDA)
Based on the three PCs (PC1, PC2 and PC3), the groups (Group A and Group B)
were classified using the linear discriminant function ( )
where R′ is the discriminant vector, 
is the midpoint between two group averages, else PC xo is allocated to Group B if
Results and Discussion
The images shown in Figure 2 The transparency of the lens depends on its avascularity, paucity of organelles, narrow inter-fibre spaces and the regular organization of its cells and proteins [31] . At the cellular level, there is limited light-scattering by cellular organelles, which are relatively sparse in the central epithelium and displaced to the equator in the fibres, away from the light path. Within the fibre cells, the crystallins exist with a short-range order less than the wavelength of light, similar to that of glass.
This is due to the small size of the protein molecules, less than 10 nm in diameter, and their close packing at high concentration [32] .
The average transmitted intensities from five (5) values describing 99.6 % of the variability dataset. The first eigenvalue, the one describing the largest amount of variability on the dataset, 77.91%, describes the overall offset of the transmitted intensity data from the lenses. The second, 9.54% of the dataset's variability was described by the second eigenvalue whiles the third, 7.08% of the dataset's variability was describe by the third eigenvalue.
In the case of reflection, the PCs were obtained from 470 nm and 625 nm spectral bands with eigenvalues describing 99.5% of the variability of the dataset.
As in the previous case, the first eigenvalue represented the overall reflection intensities from the lenses and described 85.07% of the dataset's variability. The second, 5.56% of the dataset's variability was described by the second eigenvalue whiles the third, 3.0% of the dataset's variability was describe by the third eigen- , where r 1 , r 2 and r 3 representing PC1, PC2 and PC3 respectively with K 1 , K 2 and K 3 being the coefficient. In this case K 1 , K 2 and K 3 were found to be 0.99, −0.08 and −0.10 respectively. Thus, if P o ≥ m, then the lens is Group A (healthy), else it is Group B (cataractous). This can be seen in Figure 5 (a) that shows lens data in the coordinates of the first two Fisher's discriminants in the transmission mode. The blue and red data represents the Group A and B lenses respectively. The black star in the middle is the classification midpoint between the Group A and Group B lenses. Evaluation of the Fishers' linear discriminant function with ten (10) transmitted data showed 90%
success of the discrimination function using the PCs of the Group A and the Group B lenses.
The lens data from the reflection mode in the coordinates of the first two Fisher's discriminants is shown in Figure 5 (b). The allocation rule obtained using the reflectance intensities from 470 nm and 625 nm and for maximum separation of the two lenses is given by
The values for L 1 , L 2 and L 3, which are the coefficients were found to be 0. 
Conclusion
Using extracted average pixel intensities from grayscale multispectral images of healthy lenses (Group A) and cataractous lenses (Group B) from rat, five (5) spectral bands were found to be markers for discriminating Group A from 
